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Contrast detection in different levels of external visual noise allows a given loss in contrast 
sensitivity to be attributed to either an increase in the internal noise of the visual system, a decrease 
in sampling efficiency, or both. Sampling efficiency indicates how effectively the available stimulus 
information is utilized by the visual system. The aim of this study is to investigate the effect of 
normal ageing on sampling efficiency and internal noise. Contrast thresholds for sine-wave gratings 
of 6 c/deg were measured in the presence of four (including zero) levels of externally added visual 
noise in young and older healthy observers. Results showed that sampling efficiencies were 
significantly lower for the older group compared to the younger, while the internal noise showed no 
significant change. The implications of the data for the relative contribution of the optical and 
neural systems on visual function loss with ageing are discussed. Our results suggest that the neural 
system plays a major role in the loss of contrast sensitivity with ageing in normal, healthy eyes. 
Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 
A variety of factors have been proposed as possible 
reasons for the loss in visual function with age. These are 
broadly categorized into optical and neural changes. 
Some studies attribute the loss with ageing to optical 
factors (Burton et al., 1993; Hemenger, 1984; Owsley et 
al., 1983; Sturr et al., 1988; Wright & Drasdo, 1985), 
whilst others stress the importance of the neural 
contribution (Elliott, 1987; Elliott et al., 1990; Jay et 
al., 1987; Morrison & McGrath, 1985; Weale, 1975). The 
significant optical changes which occur with ageing are 
mainly reduced retinal illuminance and increased lenti- 
cular light scatter. The reduction in retinal illuminance 
has been proposed as a major cause of loss of visual 
function with age (Owsley et al., 1983; Sturr et al., 1988; 
Wright & Drasdo, 1985) since it can lead to an 
attenuation in contrast sensitivity (CS) at high spatial 
frequencies (Kulikowski, 1971). Retinal illuminance 
reduction occurs as a result of age-related pupil miosis 
and an increase in lenticular light absorption. Weale 
(1963) estimated that a 20-year-old eye transmits about 
three times as much light as a 60-year-old eye. However, 
it has also been reported that pupil miosis can improve 
CS by decreasing spherical aberrations (Campbell & 
Green, 1965). These two effects appear to cancel each 
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other out, thus producing a negligible ffect on CS with 
age (Sloane et al., 1988a). The second optical factor, 
increased light scatter, is predominantly caused by 
changes in the ageing lens (Owsley et al., 1985) which 
produce areduction in the retinal image contrast. IJspeert 
et al. (1990) demonstrated that forward light scatter in a 
70-year-old subject was double that in a 20-year-old. 
Hemenger (1984), using mathematical arguments, 
claimed that intraocular scatter can fully explain the 
total loss in CS with ageing. Age-related miosis also 
restricts the possible amount of intraocular light scatter. 
Even though an increase in the amount of backward light 
scatter is seen at the slit-lamp with increasing age, much 
of this is due to specular reflections from the lens (Weale, 
1986). As such, its effect will only be significant at low 
light levels. Recently, ocular aberrations have also been 
suggested as a possible cause for vision loss with ageing 
(Artal et al., 1993). 
On the other hand, degenerative neural changes, 
including neural cell loss and degeneration, eurotrans- 
mitter changes and lipofuscin accumulation, have been 
shown to occur in the neural pathway between the retina 
and the cortex (Devaney & Johnson, 1980; Gartner & 
Henkind, 1981; Gao & Hollyfield, 1992; Marshall, 1987; 
Ordy et al., 1988). An additional factor contributing to 
ageing is photoreceptor loss. These changes have been 
reviewed extensively by Spear (1993). Weale (1975) first 
suggested that the cumulative neural cell loss at different 
levels of the visual system was the reason for the decrease 
in visual acuity with age. Several methods have been 
reported which separate the effects of age changes within 
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the optical and neural systems. One method is to 
remeasure the visual function of younger subjects under 
conditions which simulate the optical age changes 
(Morrison & McGrath, 1985; Owsley et al., 1983; Sturr 
et al., 1988; Whitaker & Elliott, 1992). However, these 
studies cannot be used to provide definitive answers 
about the relative contributions of optical vs neural 
factors (Burton et al., 1993). A more direct approach 
would be to measure the visual function of tasks which 
are relatively unaffected by the optics of the eye, such as 
interference fringe CS (Campbell & Green, 1965) and 
hyperacuity (Whitaker & Buckingham, 1987; Williams et 
al., 1984). Results from such tests indicate changes 
within the retina and neural system alone (Elliott et al., 
1989; Morrison & McGrath, 1985; Whitaker et al., 1992). 
However, these tests cannot indicate the relative 
influences of the optical and neural systems on visual 
function. These can be achieved theoretically by 
comparing conventional CS measurements with those 
obtained from interference t chniques. Unfortunately, the 
results of such studies provide conflicting evidence. Two 
early studies by Dressier and Rassow (1981) and 
Kayazawa et al. (1981) reported that they found no 
change in neural CS with age. However, no documenta- 
tion of method or results was offered to support their 
claim. Later studies by Morrison and McGrath (1985) 
and Elliott (1987) demonstrated a neural CS loss with age 
which closely matched the overall CS loss. They 
concluded that the major factor in age-related CS loss 
was the neural system. Recently, Burton et al. (1993) 
have questioned this evidence. Although the amount of 
neural CS loss between a young and an older group found 
by Burton et al. (1993) was approximately the same as 
that found by Elliott (1987), their conclusion was 
opposite to that of the earlier study. To date, there are 
no conclusive reports on the effect of luminance on the 
relative contribution of neural and optical factors. 
However, some evidence xists that the decrease in CS 
with ageing at lower levels of luminance is due to an 
impairment of neural mechanisms subserving spatial 
vision (Sloane et al., 1988a,b). 
In this study we employ the measurement of contrast 
detection of sinusoidal gratings in the presence of varying 
levels of externally added visual noise to investigate he 
effects of ageing. The measurement of contrast detection 
in noise attributes any given loss in CS to either an 
increase in the level of the internal noise within the visual 
system, a decrease in the efficiency of detection, or both 
(Legge et al., 1987). Clinical implications of contrast 
detection i  externally added noise have been studied by 
various researchers (Gilchrist & Pardhan, 1988; Gilchrist 
et al., 1991; Kersten et al., 1988; Pardhan et al., 1993; 
Pelli & Hoepner, 1989). 
Contrast detection in noise functions 
The detection of a signal target in external noise, which 
has received a wide application in both auditory and 
vision research, is based on signal detection theory 
(Green & Swets, 1966). In vision research, visual noise is 
generally represented as a random fluctuation of 
luminance over time or space, or both. Noise is described 
by its dimensions of spatial variation as one or two- 
dimensional noise. Noise that fluctuates randomly over 
time is called "dynamic" noise; otherwise it is called 
"static". Two-dimensional static noise appears like a 
grainy photograph, whereas two-dimensional dynamic 
noise resembles an untuned television monitor. The 
distribution of the noise image indicates the type of noise. 
In vision experiments, the most widely applied noise is 
Gaussian white noise. White noise is so called because it
encompasses a wide range of spatial frequencies such 
that the noise can affect stimuli of differing spatial 
frequency content. Further details on the various types of 
external visual noise can be obtained from Pelli (1990). 
All previous research on contrast detection i noise has 
shown that increasing the strength of the noise requires a 
corresponding increase in the strength of the signal to 
maintain the same level of signal detectability. The signal 
strength, expressed in terms of signal energy, is directly 
proportional to the noise strength, expressed in terms of 
noise spectral density (Legge et al., 1987). This linear 
relationship, characterized bycontrast detection i  noise 
function, is shown in Fig. 1. 
The mathematical derivations of sampling efficiency 
and internal noise levels are given in detail in Legge et al. 
(1987). A hypothetical plot for an ideal observer isshown 
in Fig. 1, showing a maximum efficiency of 100% 
(slope = 1) and zero equivalent noise. Functions A and B 
show hypothetical plots for non-ideal observers. The 
negative x-intercept gives a measure of the internal 
"equivalent" noise. The sampling efficiency is measured 
from the slope of the contrast detection i  noise function. 
If the performance criterion is set for a detectability 
criterion of d' = 1, then the reciprocal of the slope gives a 
measure of the sampling efficiency. At zero noise level 
(conventional CS measurement), both hypothetical sub- 
jects require the same signal energy for threshold, which 
is higher than that required by the ideal observer. 
However, the loss in CS, compared to the ideal observer, 
is due to different levels of internal noise and sampling 
efficiencies for the two subjects. Observer A demon- 
strates a larger magnitude of equivalent noise compared 
to B. Observer B, on the other hand, shows a higher slope 
since a higher signal energy is required for the same level 
of external noise, indicating alower sampling efficiency. 
Sampling Efficiency. The sampling efficiency repre- 
sents the observer's ability to make use of the available 
stimulus information. Sampling efficiency, a term used 
by Burgess and Barlow (1983) and Legge et al. (1987), 
has also been termed calculation efficiency (Pelli, 1990) 
and central efficiency (Barlow, 1977). Sampling effi- 
ciency gives a measure of how a real observer compares 
against a hypothetical "ideal" observer. An ideal 
observer would use an optimal strategy in utilizing the 
available stimulus information, leading to a maximum 
efficiency of 100%. Human observers, on the other hand, 
always display efficiencies of < 100%, thereby reflecting 
a failure to collect all information optimally. Limits of 
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FIGURE 1. Contrast detection i  noise functions showing linear elationships between signal energy and noise spectral density 
for a given target detectability. The ideal observer isrepresented as a noise-free observer (shown by the x-intercept ofzero) 
exhibiting a sampling efficiency of100% (shown by a slope of 1). Functions A and B represent contrast detection i  the noise 
functions of two hypothetical observers. Function A shows ahigher level of equivalent oise compared tofunction B. Function 
B shows a steeper slope and therefore a lower sampling efficiency compared tofunction A. 
sampling efficiencies can be attributed to factors which 
include a mismatch between the stimulus and receptive 
field properties, incomplete spatial and/or temporal 
summation, or non-optimal decision strategies (Kersten, 
1984, 1987; Legge et al., 1987). 
Equivalent noise. The equivalent noise, a term 
suggested by Pelli (1990), can be envisaged as a finite 
amount of noise within the human observer that limits 
sensitivity for a particular target, and which needs to be 
"overcome" before a signal can be detected. Higher 
equivalent noise requires greater signal energy to achieve 
the same level of detectability and, conversely, any 
condition that increases the equivalent noise would 
therefore result in a decrease in signal detectability. A 
method of quantifying and expressing this internal 
equivalent noise in same units as the external noise is 
described by Pelli (1990). 
Sampling efficiencies and equivalent noise levels of 
human observers vary considerably, depending on the 
nature of the signal and the type of external noise used. 
Recently it has been shown that neural disorders, such as 
amblyopia and optic neuritis, produce a decrease in 
efficiency with or without a change in equivalent noise 
(Kersten et al., 1988) while pure optical dysfunction, 
such as optical defocus and cataract, shows a change in 
equivalent noise only with the sampling efficiency 
remaining unaltered (Pardhan et al., 1993). The effect 
of neutral density filters on contrast detection in noise 
showed that decreasing the luminance level produces an 
increase in the internal noise (Nagaraja, 1964). Recently, 
Bennett and Sekuler (1993) measured contrast detection 
in noise with different pupil sizes and showed no 
significant difference in either the sampling efficiency 
or internal noise. 
In this study we compared contrast detection in noise 
functions between a young and an older subject group. 
The aim of the study was to investigate the effects of 
ageing on sampling efficiency and internal noise. Any 
changes in the sampling efficiency would indicate the 
visual function loss in ageing to be due to non-optical 
factors. 
METHOD 
Subjects 
Twelve young students ranging from 18 to 26 years, 
and 12 older subjects ranging from 60 to 76 years, were 
recruited. Ethical approval was obtained from the 
Department's Office of Human Research. Each subject 
consented after the nature and purpose of the investiga- 
tion was explained. All the older subjects underwent 
supervised ophthalmic examination atthe Department of 
Optometry, University of Bradford, as part of under- 
graduate clinical teaching. Exclusion criteria included a 
refractive error >6.00DS or >2.50DC, diabetes, 
intraocular pressure above 21 mmHg, any lens opacity 
in the undilated pupillary area, any retinopathy as 
examined with an ophthalmoscope, history of squint or 
amblyopia, and a monocular log MAR acuity worse than 
0.00 (6/6), measured before the start of the experiments. 
All subjects had normal maculae, defined as less than 
four drusen in an area of one disc diameter around the 
fovea and only slight pigmentary changes. The younger 
subjects were either staff or students and were subjected 
to the same exclusion criteria as the older subjects. The 
experiment was undertaken with the understanding and 
written consent of each subject. Each subject wore their 
optimal correction for the relevant viewing distance when 
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performing the tests, as determined by conventional 
objective and subjective refraction techniques. Optimum 
refractive corrections were worn for a 1 m viewing 
distance. All subjects were experienced in making visual 
psychophysical judgements, including CS, since they 
routinely took part in various psychophysical experi- 
ments in the department. 
Apparatus 
The signal consisted of vertical sinusoidal gratings of 
spatial frequency of 6 c/deg displayed in a field 
subtending 4 deg horizontally and 2 deg vertically within 
a rectangular patch. This spatial frequency was chosen 
because it represents the peak of the CS function. The 
phase of the stimulus was held constant. The sinusoidal 
gratings were generated by an analogue grating enerator 
(SC Electronics, model T221A). The mean luminance of 
the display was 32 cd/m 2. 
A two-dimensional static Gaussian white noise 
(256 × 256 pixels with 64 grey levels) was generated 
using a Gaussian random number generator (Press et al., 
1988). Each noise element was assigned one of the 64 
grey levels according to a Gaussian probability distribu- 
tion. The relationship between the gray level and 
luminance was measured in a prior calibration procedure 
and the appropriate values of luminance were used in the 
computation for signal energy and spectral density. The 
single pixel noise was generated digitally at three spectral 
density levels as calculated by the aperture-power 
product as described by Legge et al. (1987). The three 
levels of noise had spectral densities of 0.25, 1.25 and 
2.50 × 10-6deg 2, illustrated examples of which are 
given in Pardhan et al. (1993). The signal and noise 
images were each generated onto Hitachi AE/K 9" 
monitors placed at a viewing distance of 1 m. No other 
patterns except he test patterns were present. 
Procedure 
The signal was superimposed onto the noise image by 
means of a semi-reflective mirror (50% transmittance and 
50% reflectance) and the stimulus contrast altered for the 
threshold. A spatial two-alternative spatial forced-choice 
QUEST procedure (Watson & Pelli, 1983) measured 
contrast hresholds of the gratings at the 76% correct 
level that corresponds toa detectability level of d' = 1. To 
permit the forced-choice procedure, the gratings were 
generated at random on either the upper or lower half of 
the screen. Care was taken to balance the luminance of 
both halves. Noise was superimposed on the whole 
screen such that one half of the stimulus contained 
signal + noise, while the other half contained noise only. 
Subjects were asked to indicate on which half the gratings 
were detected. Contrast hresholds for the signal were 
measured in the presence of the four (including zero 
noise) levels of white noise. The four noise levels were 
presented at random in order to minimize the effects of 
fatigue and learning. A new noise image of the required 
spectral density was generated for each trial. 
All subjects were adapted to laboratory conditions for 
approximately 7 min, while clear instructions were given 
regarding the detection of the sine-wave gratings in noise. 
Subjects were shown the signal and noise characteristics 
in a demonstration run in order to reduce the effects of 
uncertainty. The choice of eye and the noise level were 
randomized, with the eye not tested being occluded. 
Subjects were allowed to move their eyes freely over the 
display surface to search for the signal. The stimulus was 
displayed as long as it took the subject to respond. 
Feedback was provided after every trial. Natural pupils 
were used for both groups. 
Threshold signal energies were computed from con- 
trast hresholds by digital analysis, as outlined by Kersten 
(1984) and Legge et al. (1987). Signal energy (s 2) was 
computed as the integral over space of the squared 
contrast function C~x, y), which is given by 
C(x ,y )  : (L(x,~,) - tmean) /Zmean,  
where L~x, y) is the pixel luminance at position x, y and 
Lmean is the mean luminance of the image. 
Log MAR visual activity was measured at a working 
distance of 4m and a mean chart luminance of 
160 cd/m 2. A letter-by-letter scoring rule was employed, 
whereby each letter is given a score of 0.02 log-units. 
RESULTS 
CS in the absence of noise (level zero) was compared 
initially in order to ascertain any ageing difference. The 
mean CS for the younger group was 2.09 (SD 0.17) 
log CS, and for the older group 1.79 (SD 0.23) log CS. A 
Wilcoxon test showed a significant difference in CS 
between the two groups (P = 0.002). The mean log MAR 
acuities for the younger group and the older patients were 
- 0.1 (SD 0.03) and - 0.05 (SD 0.04), respectively, which 
were also shown to be statistically significant (Wilcoxon 
test: P = 0.02). 
Contrast detection in noise functions were obtained by 
plotting signal energy against noise spectral density. 
Figures 2(a, b) and Fig. 3(a, b) show the contrast 
detection in noise functions of two young and two older 
subjects, respectively. 
The individual data points were fitted by method of 
least squares from which the x-intercept and the slope 
were calculated. The negative x-intercept and reciprocal 
of the slope give a measure of the equivalent noise level 
and sampling efficiency, respectively. The individual 
data points of all the subjects are shown in Fig. 4(a, b). 
The individual sampling efficiencies and the equiva- 
lent noise levels for all patients were calculated using a 
method of least squares. The mean sampling efficiencies 
for the older group and the younger group were 19.5% 
(SD 3.5) and 28.8% (SD 4.8), respectively. These values 
are slightly different to those shown in Fig. 4(a, b), which 
were obtained by taking the mean of all the data points 
for each noise level and then calculating the mean 
sampling efficiency and equivalent noise level. A 
Wilcoxon test showed the difference in sampling 
efficiency to be significant between the two groups 
(P = 0.005). The mean equivalent noise levels for the 
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older and the younger group were 0.79 (SD 0.14) and 
0.85 (SD 0.18) × 10 -6 deg 2, respectively. This was not 
significant (Wilcoxon test: P = 0.307). 
The standard error of the threshold measurement, 
which is proportional to the threshold, is shown to be 
overemphasized at higher noise levels and underempha- 
sized at lower noise levels [Fig. 4(a, b)]. For this reason, 
Pelli (1990) & Kersten et al. (1988) recommended fitting 
in log co-ordinates. Our data, when plotted on log scales, 
also showed an approximately equal spread of data points 
at the different noise levels. 
DISCUSSION 
CS for sinusoidal gratings of 6 c/deg in the absence of 
external noise is reduced by 0.30 log-units in the elderly 
group. This value is similar to the reported ifference in 
CS between young and older subjects at 6c/deg 
(Derefeldt et al., 1979) and at 8 c/deg (Owsley et al., 
1983). A significant attenuation i log MAR acuity from 
-0.10 (Snellen equivalent 6/4.3) to -0.05 (Snellen 
equivalent 6/5.7) also agrees with previous reports 
(Elliott et al., 1995). 
The mean sampling efficiency is lower for the older 
group while the internal noise level shows no significant 
change. This indicates that the visual loss with ageing is 
predominantly caused by neural rather than optical 
changes. Although increased light scatter, an optical 
effect, has been proposed as major causes of CS for visual 
function loss both with age (Hemenger, 1984) and in 
cataract patients (de Waard et al., 1992), previous tudies 
on contrast detection in noise have shown a significant 
increase in internal noise with cataract (Pardhan et al., 
1993). Results of this study show no change in internal 
noise levels with ageing, suggesting a minimal contri- 
bution by optical factors at the level of illuminance at 
which the test is carried out. Pure optical dysfunction can 
be defined as a loss of CS caused by refractive rror, light 
scatter in the ocular media or other optical factors. A 
patient with a pure optical dysfunction can be modelled 
in terms of a normal observer with an "added on" optics. 
The optics of the eye can be assumed to act as a linear 
spatial filter whose effect would be to attenuate the signal 
and noise by the same amount (Kersten et al., 1988; 
Rovamo et al., 1992). This would result in a constant 
signal to noise ratio before and after the "optics". If the 
normal observer has a linear contrast detection in noise 
function, then the function of the patient with the optical 
dysfunction would be identical to that of the normal 
observer with the x- and y-scales caled by the attenuation 
factor. The resulting contrast detection in noise function 
would be displaced along the noise axis to give an 
increased level of equivalent noise while the slope and 
therefore the sampling efficiency, would remain constant. 
The mean sampling efficiency levels of 27% for the 
younger group and 18.9% for the older group were 
obtained with the ideal observer's performance computed 
as outlined by Legge et al. (1987) and Kersten (1984). 
These efficiencies are lower than those reported in some 
studies which used static noise (Burgess et al., 1981) and 
higher than those reported in others (Legge et al., 1987). 
Variations in efficiency estimates might be attributed to 
differences in stimulus configurations and procedure 
between studies. Previous tudies on contrast detection i  
noise have used a variety of targets presented in different 
types of noise which makes comparison between studies 
difficult. Whereas we have used a 6 c/deg grating with 
static noise, Kersten et al. (1988) used dynamic noise and 
a 2 c/deg signal which was windowed in spatial and 
temporal dimensions, resulting in the signal being shown 
for only a brief period of time. Earlier work by Kersten 
(1984) using one-dimensional dynamic noise reported 
that high efficiencies of 20--40% (for detection of low 
frequency gratings of 0.5 and 2 c/deg) could only be 
obtained for gratings about 1 cycle wide. Efficiency 
would be much lower with gratings of greater width. Our 
stimulus had a much wider grating width. However, in 
contrast o Kersten's study where fixation was main- 
tained and the presentation time was short, our experi- 
ment allowed the subject unlimited viewing time to scan 
the screen before making a judgement. We also ensured 
that subjects were given a preview of the stimulus before 
each threshold measurement i  order to minimize phase 
uncertainty effects which could further educe efficiency 
(Burgess, 1986). 
Since sampling efficiency gives an indication as to how 
the available stimulus information is utilized by the 
visual system, observers with higher efficiencies would 
possess a more effective strategy in extracting a signal, 
compared to those with lower detection efficiencies. An 
attenuation of sampling efficiency could be due to 
various reasons, including an improper cross-correlation 
between the expected and actual signal templates 
(Kersten, 1984; Legge et al., 1987), decision making 
strategy and attention. Sampling efficiency can be 
assumed to give an indication of the integrity of the 
higher processing centres. Neural effects, such as a 
failure of the photoreceptors to absorb or utilize the 
quantum energy efficiently (Burgess, 1986), and the 
variability in the spontaneous firing level of the visual 
nervous system (Barlow, 1977) can affect the detect- 
ability of a signal. Various physiological and anatomical 
changes, linked to neural dysfunction, have been noted 
with ageing (Spear, 1993). It would be reasonable to 
expect that these changes may decrease the observer's 
ability to use the information as efficiently as a younger 
observer. For example, phase-selective simple cells are 
assumed to provide the neurophysiological substrate for 
coherent detection of stationary patterns (De Valois et al., 
1982; Movshon et al., 1978). A decreased capability for 
cross correlation between the expected and the observed 
signal templates may result if these cells are affected with 
ageing. In addition, undersampling may occur due to the 
well-known cell loss in the visual pathway with ageing. 
The exact location of where in the neural pathway the 
focus of ageing loss lies, however, is difficult to specify. 
To summarize, our results suggest that the neural 
system plays a major role in the loss of CS with ageing in 
normal, healthy eyes. It may be argued that this may hold 
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only for relatively low levels of  i l luminat ion.  In fact, 
S loane et al. (1988b) suggested an increased neural  
invo lvement  at lower levels of  luminance.  In addit ion, the 
relative effects of optical and neural  contr ibut ions may 
largely depend on the st imulus parameters and the 
condit ions under  which the test is carried out. At  higher 
i l luminance levels and with higher spatial f requencies the 
increased effect of  optical scatter may contr ibute more to 
the loss of v is ion with ageing. This  is currently be ing 
investigated. 
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